The cytoskeleton of epithelial and muscle cells of the human iris and ciliary body was analyzed by i"unohistochemistry in three morphologically normal formalinfied, pataffin-embedded eyes and in 34 eyes containing a uveal melanoma. Both layers of the iris epithelium reacted with monoclonal antibodies (MAb) V9 and Vim 3B4 to vimentin, whereas the ciliary epithelia additionally reacted with MAb CAM 5.2, CK5, KS-B17.2, and CY-90, recognizing cytokeratins 8 and 18. The same cytokeratin MAb labeled the retinal pigment epithelium, which lacked vimentin. The muscle portion of the anterior iris epithelium, which forms the dilator muscle, as well as the sphincter and ciliary muscles, reacted with MAb DE-U40 to desmin and 1A4 to a-smooth muscle actin. The dilator and ciliary muscles also ' Supported by grants from the Sigrid Juselius Foundation and the Paul0 Foundation. UF was a Visiting Research Fellow. . reacted with V9 and Vim 3B4 to vimentin, and some dilator fibers were weakly immunopositive for cytokeratin 8 and 18 with CY-90 and CAM 5.2. The antigenic profile of iris and ciliary epithelia infiltrated by melanoma cells remained unchanged. The intraocular epithelia, which are developmentally related but differ in function, and the intraocular muscles, which differ in origin but are functionally related, have distinct cytoskeletal profiles and may provide insights into the functional significance of intermediate filament expression. (J Histochem C y t d e m 40:1517-1526, 1992) 
Introduction
Differences in the structure and biochemistry of cells probably reflect both their diverse physiological functions and their pathological responses. A major characteristic of any cell type, potentially pertinent to its morphology and function, is its cytoskeletal composition (1,2). Although the cytoskeleton of most human cell types is already known in detail, with the exception of neuroretina and retinal pigment epithelium (3-7), knowledge of its structure in neuroectodermal derivatives of the optic vesicle is fragmentary (8) (9) (10) (11) (12) (13) (14) (15) . From the developmental point of view, the intraocular epithelia and muscles are exceptional, and are therefore potentially important in identifying patterns of intermediate filament expression, which may provide clues to their functions (2).
During embryonic development, invagination of the optic vesicle gives rise to the optic cup, the outer layer of which differentiates into the retinal pigment epithelium, the outer pigmented layer of the ciliary epithelium, and the anterior epithelium of the iris, which in turn gives rise to the mammalian dilator and sphincter muscles (16) (17) (18) . In contrast, the ciliary muscle may originate from cranial neural crest (19,ZO). The neural retina, the inner nonpigmented layer of the ciliary epithelium, and the posterior pigmented epithelium of the iris originate from the inner layer of the optic cup (16). This report provides a detailed comparison of cytoskeletal profiles in the epithelial cells of the human iris and ciliary body, which have a common origin but different physiological functions, and in the three intraocular muscles, which differ in origin but share a similar contractile function.
Materials and Methods
Histological Specimens. Two formalin-fixed, paraffin-embedded normal human eyes, enucleated from patients (ages 49 and 64 years) with an orbital tumor, and one normal eye manually enucleated by a psychotic patient (age 22 years) were selected from the files of the Ophthalmic Pathology Laboratory, Department of Ophthalmology, Helsinki University Central Hospital. Furthermore, a total of 34 formalin-fmed, paraffhembedded eyes enucleated because of a malignant uveal melanoma (ages of patients 13-79 years; mean age 17 years) were taken from the same files. None of these patients had received radiotherapy or cytostatic drugs. All surgically removed eyes had been immersed in formalin immediately after enucleation in the operating room.
The conjunctival and corneal epithelium contained populations of cells that were positive for all types of cytokeratin tested, providing an internal positive control. Lens epithelium, extraocular muscles, and smooth muscle of large blood vessels served as positive controls in stainings for vimentin, desmin, and a-smooth muscle actin, respectively. Sections (5 pm thick) were cut from the specimens and mounted on chromium-gelatin-coated glass slides to ensure tissue adherence [ 0.05 g potassium chromium(II1)sulfate dodecahydrate and 0.5 g gelatin in 100 ml distilled water].
Immunohistochemical Staining. The specimens were deparaffinized in xylene and rehydrated in an ethanol series. When antibodies to intermediate filaments were used, the sections were washed in PBS, pH 7.4, and pre-treated with 0.4% pepsin (2500 FIP-Ulg; Merck, Darmstadt, Germany) in 0.01 N hydrochloric acid for 15 min at 37°C to reduce background and to enhance the intensity of the specific staining. Endogenous peroxidase activity was destroyed with a 30-min treatment in methanol containing 0.5% hydrogen peroxide. The sections were then incubated with normal horse serum (Vectastain ABC Elite Kit; Vector Laboratories, Burlingame, CA) (diluted 1:50) in a moist chamber for 30 min at room temperature. All immunoreagents were diluted with PBS containing 2 % (wlv) bovine serum albumin (BSA; Merck). Between every step, the sections were washed for three 10-min changes in PBS.
Primary murine monoclonal antibodies (MAb) against cytokeratin 4 (Clone 215 B8, IgGi; Lot 12269420-01; Boehringer Mannheim, Mannheim, Germany) (diluted 1:35), an epitope common to cytokeratins 5 and 6 (Clone D5/16 B4, IgG1; Lot 12269820-01; Boehringer Mannheim) (diluted 1:35), cytokeratin 7 (Clone LdS68, IgGl; Lot 69F4800; Sigma, St Louis, MO) (diluted 1:32000) (21), cytokeratin 13 (Clone KS-lA3, IgGl; Lot 78F-4806; Sigma) (diluted 1:500) (22), three MAb to different epitopes on cytokeratin 18 (Clone CK5, IgG1; Lot 37F-4958; diluted 1:400; Clone CY-90, IgGl; Lot 49F-4815; diluted 1:3000; and Clone KS-B17.2, IgGi, Lot 128F-4805; diluted 1:500) (all from Sigma) (7,22,23), cytokeratin 19 (Clone BA17, IgG1; Lot 109; Dakopatts, Glostrup, Denmark) (diluted 1:lOO) (24), a monoclonal antibody against an epitope common to cytokeratins 8 and 18 (Clone CAM 5.2, IgGza; Lot M0910; Becton Dickinson, Mountain View, CA) (diluted 1:2) (25), and an MAb to a conformational epitope common to most cytokeratin polypeptides, including 8, 18, and 19 (Clone lu-5, IgGl; Lot 10968525-01; Boehringer Mannheim) (diluted 1:lO) (26) were commercially obtained. Murine MAb to vimentin (Clone V9, IgGl; Lot 48F4827) (diluted 1:750) (27,28), desmin (Clone DE-U-10, IgGi; Lot 117F 4809) (diluted 1:400) (29), and a-smooth muscle actin (Clone 1A4, IgG2,; Lot 98F-4808) (diluted 1:SOOO) (30) were also purchased from Sigma, and another mouse MAb to vimentin (Clone Vim 3B4, IgG2,; Lot 11454322-01) (diluted 1:20) was obtained from Boehringer Mannheim. Incubation with the primary antibodies was carried out in a moist chamber for 1 hr at 37'C.
The sections were then incubated with biotinylated horse anti-mouse IgG antiserum (Vectastain ABC Elite Kit, diluted 1:200) and then with the avidin-biotinylated peroxidase complex (Vectastain ABC Elite Kit Reagents A and B, diluted 1:160 and mixed 30 min before use) in a moist chamber at 37°C for 30 min.
To enable evaluation of the positive immunostaining reaction in pig mented epithelia, the peroxidase reaction was developed with 3,3'diaminobenzidine tetrahydrochloride (Sigma) (150 mg in 16 ml of dimethylsulfoxide and 200 ml PBS containing 0.03% hydrogen peroxide) for 10 min at room temperature. This chromogen gives a diffuse or faintly granular dark-brown reaction product, which is resistant to hydrogen peroxide, as was also confirmed by pilot experiments with identically processed nonpigmented tissues. Melanin was bleached by incubating the sections for 18 hr at room temperature in 3.0% (v/v) hydrogen peroxide and 1.0% (wlv) disodium hydrogen phosphate (31). With this procedure, the depigmentation was nearly complete in most specimens, and any residual melanin pigment could easily be differentiated from true positive immunoreaction by its yellowish color and coarse granularity. Finally, the specimens were care-fully dried and coverslips mounted with Aquamount (BDH Chemicals; Poole. UK).
No immunoreaction was seen in control sections, in which the primary or secondary antibody or the ABC complex was omitted. Sections stained with different MAb of the same isotype were carefully compared to exclude any false-positive immunoreaction that might result from nonspecific binding of antibodies representing that isotype.
Light Microscopy
The eyes without intraocular tumors were morphologically normal by light microscopy. In 25 eyes enucleated because of a malignant uveal melanoma confined to the choroid, the iris and ciliary epithelia were also normal, whereas in eight eyes the tumor had locally invaded the ciliary body on one side, leading to different degrees of secondary abnormalities. These eyes showed distortion of the epithelial layers, hyperplasia of non-pigmented ciliary epithelium, and intracellular edema as reactive changes. One eye harbored an iris melanoma, which had distorted the epithelia and intrinsic muscles of the iris and had invaded the chamber angle.
Immunohistochemistry
Iris Epithelia and Dilator Musde. The pigmented posterior and the anterior epithelial layers of the human iris, including the muscle portion of the anterior layer corresponding to the dilator muscle, gave a fibrillary positive immunoreaction for vimentin with both MAb V9 and Vim 3B4 in all 37 specimens studied ( Figures  1A-1C ; Table 1 ). In the posterior layer and the epithelial portion of the anterior layer, the fibrils were distributed randomly throughout the peripheral cytoplasm of the cells, but in the dilator muscle they were arranged in radially oriented bundles ( Figure IC) . MAb DE-U-10 to desmin did reveal a smaller number of similar bundles in the muscular portion of the anterior iris epithelium, extending up to the midportion of the sphincter muscle, but it did not label its epithelial portion or the posterior epithelial layer (Figures 1D-1F) .
A strong immunoreaction for a-smooth muscle actin was observed throughout the cytoplasm of both portions of the anterior epithelial layer with MAb 1A4, and the positive label continued in the rudimentary anterior epithelial layer up to the pupillary border ( Figures 1G-11 ). Positive immunoreaction was not seen in the posterior layer of the iris epithelium with MAb 1A4 or with any cytokeratin antibody used, but some fibers in the muscle portion of the anterior layer did react weakly with MAb CAM 5.2 to CK 8 and 18 and with MAb CY-90 to CK 18 in 13 of the 37 specimens Iris Sphincter Musde. The sphincter muscle was present in 23 of the 37 specimens. It reacted intensely with MAb DE-U-10 against desmin (Figures 1D and 1E) and with MAb 1A4 to a-smooth muscle actin (Figures 1G and 1H) . In contrast, MAb V9 and Vim 3B4 to vimentin did not react at all with the sphincter muscle, even though cytoplasmic processes of adjacent fibroblasts and other stromal cells were quite strongly immunopositive (Figures 1A and  1B) . The anterior border of the sphincter muscle was delimited by KIVEU, FUCHS, WUCKANEN a condensation of such stromal cells, the processes of which insinuated between the muscle bundles ( Figure 1E ). Likewise, positive label was never observed in the human sphincter muscle with any of the antibodies to cytokeratin polypeptides used.
Pigmented and Non-Pigmented Ciliary Epithelium. All four MAb that recognize CK 8 and 18 labeled the ciliary epithelium (Figures 2A-2F ; Isble 1). The positive cells usually displayed a rather diffuse cytoplasmic immunoreaction. No differences in reaction pattern were noted between the pars plicata and pars plana regions of the ciliary body (Figures 2A and 2B) . The positive immunoreaction for cytokeratin was discontinued fairly sharply at the ora serrata, but a few transitional retinal cells were weakly labeled in a minority of specimens ( Figure 2C ).
Whereas the outer pigmented layer of the ciliary epithelium was strongly immunoreactive with all four MAb recognizing CK 18, significant variation was observed in the reaction intensity of the nonpigmented layer. Both layers reacted equally strongly with MAb CY90 (Figures 2A and 2C ), whereas MAb CAM 5.2 labeled somewhat less intensely the non-pigmented layer in 24 of the 37 specimens ( Figure 2D) , and MAb KS-B17.2 ( Figure 2E ) and CK5 (Figure 2F ) always immunostained the non-pigmented ciliary epithelium rather weakly. The pancytokeratin antibody lu-S labeled strongly the pigmented but weakly and inconsistently the nonpigmented ciliary epithelium, failing to immunostain the latter in seven eyes. Neither layer reacted with antibodies to the other cytokeratin polypeptides tested.
Both layers of the ciliary epithelium were equally strongly immunoreactive with MAb V9 and Vim 3B4 to vimentin (Figure ZG) , but they did not react with antibodies against desmin ( Figure 2H ) or a-smooth muscle actin (Figure 21) . No differences were observed in the antigenic profile of distorted and hyperplastic ciliary epithelial cells overlying a uveal melanoma with any cytoskeletal antibody used ( Figures 3A-3D ). In particular, MAb US68 to CK 7 (Figure 3D) , BA17 to CK 19 ( Figure 3E) , and 1A4 against a-smooth muscle actin did not react with any of the eight eyes in which reactive ciliary epithelium was found. Ciliary Muscle. The ciliary muscle fibers reacted moderately intensely with MAb V9 and Vim 3B4 to vimentin in all eyes studied ( Figure 4A ). They were also immunoreactive for desmin, albeit the intensity of the positive reaction obtained with MAb DE-U-10 was highly variable from specimen to specimen (Figures 2H and 4B) .
Indeed, in a minority of specimens, no convincing labeling of the ciliary muscle was obtained with this antibody. The immunopositive muscle fibers corresponded to the light microscopically observable longitudinal, oblique, and circular ciliary muscle bundles. The ciliary muscle was never labeled with any cytokeratin antibody tested ( Figure 4C ), even when it was distorted by infiltrating melanoma cells.
The ciliary muscle reacted strongly with MAb 1A4 to a-smooth muscle actin in all eyes studied (Figures 21 and 4D) . Moreover, a constant population of cells that reacted with MAb 1A4 but not with MAb DE-U-10 was seen in front of the ciliary muscle ( Figure  4E ). These cells were variable in number and covered the area between the ciliary muscle and the circle of Schwalbe, including the root of the iris, the region of the trabecular meshwork, canal of Schlemm, and smaller intrascleral collector channels (Figure 4E) . These cells were singly dispersed, flattened, and had long cytoplasmic processes that insinuated between corneoscleral lamellae, being distinct from ciliary muscle bundles ( Figure 4F ). They were also labeled with MAb V9 and Vim 3B4 to vimentin, but not with any of the antibodies to cytokeratins tested.
Retinal Pigment Epithelium. As previously reported in detail (7), the normal human retinal pigment epithelium (RPE) reacted positively with MAb CAM 5.2, CK5, KS-B17.2, and CY-90 to CK 8 and 18, and with the pancytokeratin antibody lu-5. The reaction intensity was relatively weak and variable with MAb CKS, KS-B17.2, and 111-5 (Table 1) . Reactive RPE cells overlying a choroidal melanoma were labeled with MAb LdS68 to CK 7 and BA17 to CK 19 in 17 eyes, and with MAb V9 and Vim 3B4 to vimentin in all specimens. Hyperplastic proliferating RPE cells additionally reacted in nine eyes with MAb 1A4 to a-smooth muscle actin (Table 1 ).
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Discussion
The cytoskeleton in neuroectodermally derived cells of the iris and ciliary body varied widely in the human eye. In contrast to the retinal pigment epithelium (RPE) (4-7,12) and ciliary epithelia (11-15), both the posterior pigmented layer of the iris epithelium and the epithelial portion of its anterior layer lacked all cytokeratin (CK) polypeptides tested. Polyclonal antisera to keratins and pre-keratins, which do not always detect well individual simple epithelium-type cytokeratins, have also given a negative or only equivocally positive reaction in iris epithelia of chicken, rabbit, and human (8-10). Only vimentin is consistently detected in these epithelial cells (8, 9) . The reasons for the scarcity of cytokeratins in the epithelial cells of the human iris remain unknown, but the theory has been put forward that the iris is not subject to such outside fluid or mechanical forces that necessitate their expression (8). Indeed, the major physiological function of the heavily pigmented posterior epithelium is probably to protect the eye from stray light (32). However, it could be equally well speculated that a cytoskeleton exclusively composed of vimentin might provide a less rigid supracellular mechanical scaffold (2) and be advantageous, because the iris continuously undergoes changes in its shape during pupillary dilatation and constriction. Furthermore, other cytokeratin types than those tested may be present in these cells, although this appears quite unlikely.
The presence of CK 8 and 18 together with vimentin in both the pigmented and non-pigmented ciliary epithelium is in line with previous immunohistochemical (10-133) and immunoblotting (12) studies of human and guinea pig eyes. CO-expression of vimentin and simple epithelium-type cytokeratins, which is also seen in choroid plexus and stria vascularis of the inner ear, has been tentatively linked with either a secretory or a barrier function of a non-glandular epithelium (11) (12) (13) . Even though the absence of CK 19 from human ciliary epithelium is likewise in agreement with prior reports (11,12), the ciliary and RPE cells close to the ora serrata reportedly may react with MAb LP2K and KM 4.62 to CK 19 in rats (14) . The same authors failed to detect cytokeratins in the non-pigmented and vimentin in the pigmented epithelium of the rat ciliary body (14) . Marked and thus far unexplained species differences are typical of the intermediate filament profiles of the retina and RPE as well (3, 5) .
At least some of these alleged discrepancies might be explained by phenotypic variation of intermediate filament polypeptides in the various species and cell types in question. Ciliary epithelial cells, like most other cell types, actively phosphorylate intermediate filaments (33). This modifies their antigenic properties and may explain why all antibodies to CK 18 tested gave different reaction intensities in the non-pigmented ciliary epithelium in the present study. Similar differences among cytokeratin antibodies have been repeatedly reported for unusual types of epithelia, as well as for certain nonepithelial cells which have newly been found to react with antibodies to cytokeratins (7, 14, 34) .
Interestingly, the cytoskeleton of the pigmented ciliary epithelium differed in many respects from that of the RPE, its direct continuation. Although both cell types express CK 8 and 18, vimentin was absent from normal human and monkey RPE (5-7). Furthermore, unlike the relatively flexible RPE cells, which readily accumulated vimentin, CK 7 and CK 19 under non-physiological conditions (6,7), hyperplastic ciliary epithelial cells retained their intermediate filament complement and were devoid of a-smooth muscle actin, recently detected in proliferating and supposedly migrating hyperplastic human RPE cells (7). This relative cytoskeletal stability is consistent with the fact that hyperplastic ciliary epithelial cells are not known to undergo the metaplastic changes that characterize RPE cells.
The three intraocular smooth muscles likewise differed from each other in cytoskeletal composition. The anterior layer of the iris epithelium, classically described as a myoepithelium composed of an epithelial inner portion and a muscular outer portion (32), had the most complex cytoskeleton. Desmin was restricted to its muscular portion and closely corresponded in distribution to the cytoplasmic densities and myofibrils seen in these cells by electron microscopy, as all disappear posterior to the midportion of the sphincter muscle (32). Absence of both myofilaments and desmin from the dilator muscle has been reported in congenital microcoria, a rare instance in which a defective function has been linked with lack of intermediate filaments, albeit indirectly (35). The presence of a myofibroblast-like cell population in the region of the trabecular meshwork, which lacks desmin but is immunopositive for a-smooth muscle actin and myosin, has recently been reported in monkey and bovine eyes (36-39). In culture, trabecular cells have been claimed to react with antisera to desmin, however (40) .
Quite surprisingly, although no convincing immunoreaction for cytokeratins was detected in the epithelial portion of the anterior iris epithelium, in many eyes individual dilator fibers in its muscular portion reacted with MAb CAM 5.2 and CY-90 to CK 8 and 18. Co-expression of cytokeratins, vimentin, and desmin in human muscle cells is also found in the uterus, heart, and certain blood vessels, in which cytokeratin immunoreactivity likewise is weak and restricted to a heterogenous subpopulation of muscle fibers (28, 34, 41, 42) . These filaments are present even in some non-muscle human cells, such as mesothelial cells and extrafollicular fibroblastic reticulum cells of lymph nodes and spleen (28, 43) . Analogous to the dilator muscle, CK 8 and 18, and more rarely CK 19, seem to be present in these unusual cell types with triple filament expression (28, 34, 42) .
Although the mammalian sphincter and dilator muscles are both derivatives of the anterior iris epithelium (16-18), the former was completely devoid of vimentin and cytokeratins. This was even more striking since the ciliary muscle, which is thought to originate from cranial neural crest, co-expressed vimentin and desmin (19, 20) . It has been suggested that vascular smooth muscle cells are more likely to contain desmin in addition to vimentin when they are located in supposedly contractile regulatory rather than rigid conduit blood vessels (44) . One could conversely speculate that absence of vimentin might help the iris sphincter to shorten to almost one tenth of its maximal length during pupillary constriction (45) . The iris sphincter in birds and many reptiles consists partly of striated muscle of possible neural crest and mesodermal origin (19,20), making species differences in its cytoskeleton quite likely.
The generally highly conserved and specific program of intermediate filament expression in different cell types has led to the theory that each type plays an important role in cell differentiation, morphology, and function (2,5,46). Even though Our finding that all intraocular muscles express desmin, as do mesodermally derived smooth, skeletal, and cardiac muscle cells, is in line with such a theory, experimental studies have failed to pinpoint a specific function for desmin in muscle cells. No detectable developmental or morphological abnormalities were observed in mice, in which transgenic expression of desmin was directed to cell types normally expressing vimentin (46), and disassembly of desmin filaments in myoblasts transfected with a truncated desmin cDNA seemingly did not alter myogenesis (47) . As regards other types of intermediate filament, the species differences in the retina and intraocular epithelia mentioned above also raise questions as to their supposed specific physiological functions ( 5 ) .
The eye, in which neuroectodermally derived cells of the optic vesicle differentiate into diverse but developmentally related cell types that each have distinct functions and intermediate filament compositions with frequent species variations, will provide a versatile model system for analyzing the developmental regulation and function of intermediate filaments, as well as other cytoskeletal elements, in future studies.
